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Abstract 11 
Long term exposure to vehicle emissions has been associated with harmful health effects. 12 
Children are amongst the most susceptible group and schools represent an environment 13 
where they can experience significant exposure to vehicle emissions. However, there are 14 
limited studies on children’s exposure to vehicle emissions in schools. The aim of this study 15 
was to quantify the concentration of organic aerosol and in particular, vehicle emissions that 16 
children are exposed to during school hours. Therefore an Aerodyne compact time-of-flight 17 
aerosol mass spectrometer (TOF-AMS) was deployed at five urban schools in Brisbane, 18 
Australia. The TOF-AMS enabled the chemical composition of the non- refractory (NR-PM1) 19 
to be analysed with a high temporal resolution to assess the concentration of vehicle 20 
emissions and other organic aerosols during school hours. At each school the organic 21 
fraction comprised the majority of NR-PM1 with secondary organic aerosols as the main 22 
constitute. At two of the schools, a significant source of the organic aerosol (OA) was slightly 23 
aged vehicle emissions from nearby highways. More aged and oxidised OA was observed at 24 
the other three schools, which also recorded strong biomass burning influences. Primary 25 
emissions were found to dominate the OA at only one school which had an O:C ratio of 0.17, 26 
due to fuel powered gardening equipment used near the TOF-AMS. The diurnal cycle of OA 27 
concentration varied between schools and was found to be at a minimum during school 28 
hours. The major organic component that school children were exposed to during school 29 
hours was secondary OA. Peak exposure of school children to HOA occurred during school 30 
drop off and pick up times. Unless a school is located near major roads, children are 31 
exposed predominately to regional secondary OA as opposed to local emissions during 32 
schools hours in urban environments.  33 
Keywords 34 
Aerosol Mass Spectrometry, Schools, Organic Aerosols, Diurnal variation, Vehicle emissions 35 
Introduction  36 
Vehicle emissions have been associated with a number of negative health effects (See eg 37 
(Nel, 2005). Due to their immature immune systems and faster breathing rates, children are 38 
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particularly susceptible to the detrimental health effects of vehicle emissions. For example, 39 
long-term exposure to traffic emissions is thought to contribute to a range of damaging 40 
health effects to children’s respiratory systems (Gehring et al., 2010; Ryan et al., 2005). 41 
Children spend a large part of the day in school and so this is the environment where 42 
children can experience a significant exposure to vehicle emissions. Schools located within 43 
urban environments are already affected by vehicle emissions, and in addition to local traffic 44 
they have specific traffic sources related to school activities. These activities include drop off 45 
and pick up traffic and result in additional local traffic with unique characteristics such as 46 
higher proportion of idling vehicles. This would affect the levels of vehicle emissions at 47 
schools, differentiating it from other urban areas. 48 
To date only limited literature exists on children’s exposure to vehicle emissions at schools 49 
(see for example, (Mejía et al., 2011). Studies that have investigated the impact of vehicle 50 
emissions by means of chemical composition have focused on the elemental carbon and 51 
organic carbon concentrations (Hochstetler et al., 2011; Li et al., 2009), and black carbon 52 
concentration (Patel et al., 2009; Richmond-Bryant et al., 2011). These studies have been 53 
conducted in schools in the USA and have found that vehicle emissions, principally school 54 
bus emissions, have an impact on the air quality during school hours. In Brisbane, as in 55 
many other parts of the world, schools are not serviced by buses as extensively as in the 56 
USA, so the USA results may not be very relevant to the current study.  57 
In urban environments, organic aerosols at most urban sites can be resolved into two main 58 
components based upon differences in specific key mass to charge ratios (m/z) in the mass 59 
spectrum (Zhang et al., 2005b): the hydrocarbon-like organic aerosol (HOA) and oxygenated 60 
organic aerosols (OOA). The HOA component is similar to the OA emitted from vehicles with 61 
the m/z 57 ion found to be a distinctive tracer ion for HOA. However, the OOA component, 62 
characterised by the tracer ion m/z 44 (Ng et al., 2011b) can be regarded as a surrogate for 63 
secondary OA. The OOA can be further resolved into two subtypes based upon differences 64 
in the level of volatility and oxidation, these are low-volatility OA (LV-OOA) and semi volatile 65 
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OA (SV-OOA) (Jimenez et al., 2009; Ng et al., 2010). Other organic components have also 66 
been identified in urban environments and these include biomass burning OA (BBOA). 67 
Extracting the chemical compositional information of OA from the AMS has therefore been 68 
shown to be an effective method of identifying the sources of ambient OA (Jimenez et al., 69 
2009; Ng et al., 2010).  70 
To gain accurate information on exposure, long term measurements with a high temporal 71 
resolution are required (Sun et al., 2012). An Aerodyne aerosol mass spectrometer (AMS) 72 
measures quantitatively, with a high temporal resolution, the chemical composition of non-73 
refractory species of airborne particles to enable accurate exposure assessment. The 74 
organic aerosol (OA) as measured by an AMS is a complex mixture of both primary 75 
combustion sources and secondary reactions in the atmosphere. Although the AMS is 76 
unable to single out individual organic compounds, it offers insights into the broad range of 77 
organic species in a quantitative high time resolution manner. To the authors’ knowledge, 78 
the only study where am AMS has been deployed at a school was at in Las Vegas (Brown et 79 
al., 2012). However this study did not specifically look at children’s exposure to vehicle 80 
emissions during school hours.  81 
Considering the above gaps in knowledge, the present study aimed to quantify the 82 
concentration of OA that children are exposed to during school hours at urban schools by 83 
utilising the high time resolution offered by an AMS to characterise the chemical composition 84 
of the non-refractory PM1 (NR-PM1) fraction. Whether the OA was primary or secondary in 85 
nature at each school was determined based upon the level of oxidation. The temporal 86 
variation of the OA and its components HOA and OOA was examined, particularly during 87 
school hours, to gain an understanding of the concentration of vehicle emissions that 88 
children are actually exposed to at school. The influence of local and school specific traffic 89 
on the concentration of HOA was also explored.  90 
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2.0 Method 91 
2.1 Study Design 92 
Five schools, referred to as S01, S04, S11, S12 and S25, were selected for this study. 93 
These schools are located in different suburbs in the city of Brisbane, Australia. Brisbane is 94 
a subtropical city that is rapidly growing in population and in the contribution of 95 
anthropogenic sources including vehicle emissions to air pollution. The chemical sampling 96 
performed was a part of a larger project at these schools designed to study the effect of 97 
ultrafine particles from traffic emissions on children’s health 98 
(www.ilaqh.qut.edu.au/Misc/UPTECH%20Home.htm). Twenty-five schools participated in 99 
this project, however an Aerodyne compact time-of-flight aerosol mass spectrometer (TOF-100 
AMS) was run at only five schools due to various logistical reasons. Other than road traffic, 101 
the schools chosen were not near any other large source of air pollution and were also not 102 
close to any large infrastructure projects.  103 
2.2 Description of the schools 104 
A schematic diagram of each school is given in Figure 1A, to show the location of the roads 105 
that border the schools. Three of the schools are located in residential suburbs of Brisbane 106 
while the other schools, S01 and S11, are in the outer suburbs and have varying source 107 
influences. S01 is in the north-eastern part of the city and additional influences include the 108 
ocean 1 km to the east, and an arterial road about 300m northwest. S04 is located in the 109 
eastern suburbs and is bordered to the west by a main road (see Table 1). To the east of 110 
S04 lies two further sources consisting of a major highway and the Brisbane Airport, which 111 
are 500m and 1 km away, respectively. In the south of the city S11 is in a suburb surrounded 112 
by semi-rural area. S12 is in an inner northern suburb that is mainly residential and is 113 
bordered to the north by a park. S25 is found in the north-eastern suburbs with the additional 114 
sources the nearby airport and the same major highway located close to S04, about 1 km to 115 
the east. During the middle of sampling at S25 there was a large bushfire in the bushland, 116 
which lies to the west of the city.  117 
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2.3 Sampling Method 118 
Details of the sampling campaigns at each school are given in Table 1. An automatic 119 
weather station (Monitor Sensors) was deployed at the schools to measure temperature, 120 
relative humidity (RH), solar radiation, wind speed and direction. A condensation particle 121 
counter (CPC) (TSI model 3781) was used to monitor airborne particle number 122 
concentration. The weather station and CPC were housed within a trailer, which was located 123 
at a site within the school reflecting the best overall exposure of the children. Data from 124 
nearby weather stations were also obtained from the Bureau of Meteorology (BOM) as some 125 
of the schools may have been affected by local winds due to schools buildings. A vacant 126 
classroom within each school was used to house the TOF-AMS and ambient outdoor air was 127 
sampled through a window using conductive rubber tubing that was approximately 1 m in 128 
length. The classroom was approximately 100-150m from the trailer housing the other 129 
instrumentation in each school with their relative location given in Figure 1. Traffic counts 130 
were taken on the busiest road next to the school, indicated in Figure 1, referred to as the 131 
main road throughout. In the traffic count data,  cars, motorbikes and scooters were 132 
classified as light vehicles. The medium classification refers to 2, 3 and 4 axel light trucks 133 
and the heavy classification to heavy trucks. 134 
2.3.1 TOF-AMS operation 135 
A TOF-AMS was run at each school. Details of the operation and description of the TOF-136 
AMS has been given elsewhere (Canagaratna et al., 2007; Drewnick et al., 2005). In 137 
summary, the TOF-AMS is an on-line instrument that quantitatively measures the chemical 138 
composition and size distributions of the non-refractory portion of submicron particles 139 
(approximately PM1). The particles are sampled through an aerodynamic lens which focuses 140 
the particles into a narrow beam which then enters a particle sizing chamber. After passing 141 
through the chamber, volatile and semi-volatile particles are vaporised and ionised before 142 
analysis by a time-of-flight mass spectrometer. Typically in the field the TOF-AMS is run in 143 
two modes, the PTOF mode which measures particle size and MS mode, which measure the 144 
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mass spectrum of vaporised particles. For this study the sampling interval was for 5 minutes 145 
alternating equally between PTOF and MS modes. 146 
2.4 Quality control 147 
The TOF-AMS was calibrated for ion efficiency (IE) and particle size at the beginning of the 148 
sampling with the IE calibrations also done in the middle and at the end of sampling at each 149 
school. The calibrations were carried out according to the standard protocols (Drewnick et 150 
al., 2005; Jayne et al., 2000; Jimenez et al., 2003) andthe detection limits for each chemical 151 
species was calculated as 3 times the standard deviation of the signal for ambient air 152 
passing through a HEPA filter (Zhang et al., 2005a). Thus giving average 5-min detection 153 
limits 44, 5, 5, 53 and 8 ng m-3 for the organics, nitrates, sulphates, ammonium and 154 
chlorides, respectively at all the schools. These values are similar to the corresponding 155 
values reported by Drewnick et al (2009), andthe average values for each school are given 156 
in Table S2 (Supporting Information).  157 
2.5 Data analysis 158 
The TOF-AMS data was processed and analysed using Squirrel v1.51 in IGOR Pro version 159 
6.22. ANOVA and correlation analysis were performed using SPSS version 19. Quality 160 
control checks were preformed on the CPC and weather station data prior to the data being 161 
put into a Microsoft Access database. 162 
2.5.1 Organic Aerosol analysis 163 
  164 
Further analysis of the OA was undertaken by first calculating the f43, f44 and f60 ratios, which 165 
refer to the ratio of the m/z 43, 44 and 60 ions respectively, relative to the total mass of the 166 
organic component. Since the OA have been shown to occupy a well-defined triangular 167 
region of the f43 vs f44 plot, known as the triangle plot (Ng et al., 2010), the f43 and f44 values 168 
was plotted in order to characterise and compare the OA components at each school. LV-169 
OOA has a higher f44 and lower f43 ratio than SV-OOA therefore LV-OOA occupies the top 170 
end of the triangle space in the plot while SV-OOA components are concentrated in the 171 
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lower part of the triangle. HOA components have an f44 that is less than 0.05 and so are 172 
found along the base of the triangle. The wide base of the triangle represents of the range in 173 
the chemical composition of HOA and SV-OOA. This can be used to show the age of the 174 
OOA, as the more oxidised and hence more aged OA would be found closer to the top of the 175 
triangle (Ng et al., 2011a; Ng et al., 2010).  176 
Standard mass spectral profiles of the different OA components, HOA, SV-OOA, LV-OOA 177 
and BBOA are given in Ng et al (2011b) based upon the analysis of 15 urban datasets. 178 
These spectra have been used as reference spectra in this study for identifying the OA 179 
components at the schools. The m/z 44 ion is a prominent feature of OOA spectra and is not 180 
found in HOA spectra. Thus it can be used to distinguish OOA (Ng et al., 2011b). Ng et al 181 
(2011b) showed that the m/z 57 ion is a tracer ion for HOA. Therefore we used this ion to 182 
show the influence of HOA to the total OA. The m/z 60 ion is attributed to the fragmentation 183 
of levoglucosan, which has been used as a chemical marker for biomass burning (Cubison 184 
et al., 2011). Consequently, the f60 was calculated in the current study as a means of 185 
determining the influence of BBOA. Cubison et al (2011) established a background level in 186 
urban environments for f60 to be 0.3% ±0.06% in ambient OA levels that are mostly 187 
secondary in nature, and attributed f60 values above the background levels to the influence 188 
of BBOA. The O:C ratio was calculated according to Aiken et al (2008) for unit mass 189 
resolution data to determine the level of oxidation of the OA.   190 
3.0 Results and Discussion 191 
3.1 General school characteristics  192 
3.1.1 Meteorological conditions 193 
 194 
The weather conditions at each school are included in Table 1. Sampling at S01 and S04 195 
was completed during the summer (November to March) which had  an average temperature 196 
of 23C. Sampling for S11, S12 and S25 was during winter (June to August) with an average 197 
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temperature of 15-16C. The relatively small difference in temperature between winter and 198 
summer is typical for Brisbane due to its subtropical climate. Figure 1 displays the wind rose 199 
plots for the entire sampling period at each school. As seen in the higher proportion of calm 200 
wind, the most stable weather was encountered during sampling at S11.  201 
3.1.2 Traffic characteristics 202 
 203 
The 24 hour average traffic characteristics at each school are given in Table 1. (Note that 204 
the percentage traffic composition does not always add to 100% due to unclassified vehicles 205 
such as cars with trailers.) S01, S11, S12 are all situated on suburban streets and this is 206 
reflected in the traffic characteristics at the schools. S01 and S12 had the lowest traffic 207 
counts consisting of mostly light duty vehicles (LDV). S11 had higher traffic counts than S01 208 
and S12, though with similar traffic composition. S25 was also situated on a suburban road 209 
but recorded higher percentage of medium and heavy vehicles passing the school. S04 is 210 
situated on a major road and so had the highest counts and most varied traffic composition, 211 
with more heavy duty vehicles (HDV) passing the school.  212 
Table 1 213 
3.2 Average concentration of the chemical species 214 
There was considerable variation between the chemical and physical properties of the 215 
particles sampled at the five schools. The average concentration of the chemical species at 216 
each school is given in Figure 2, with the summary statistics given in the supporting 217 
information (Table S1). In each of the schools the largest fraction is the organic species, 218 
followed by ammonium, sulphate, nitrate and chloride. When compared to the other schools, 219 
S12 and S25 were found to have higher concentrations of each chemical species, especially 220 
the organic fraction. These high mass concentrations may be due to prescribed burning of 221 
bushland, which is common in Brisbane during August. For this reason the influence of 222 
biomass burning is investigated further in later sections. S01, S04 and S11 have broadly 223 
similar profiles with the relative contribution of ammonium and sulphate being the main point 224 
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of difference between the schools. The percentage of the total mass for ammonium was 225 
26%, 30% and 25%, while for sulphate it was 25%, 19% and 10% for S01, S04, and S11, 226 
respectively. The variation in the relative concentrations of sulphate could indicate 227 
differences in the age of the NR-PM1 at the schools, which will be investigated further in 228 
section 3.3.  229 
A comparison of the average mass of the chemical species between weekdays and 230 
weekends (see Figure S1 in supporting information) found that S01, S11 and S25 had higher 231 
concentrations on weekdays, particularly organics, which would suggest a traffic related 232 
source of these chemical species. At S04 and S12, however, the weekends were found to 233 
have the higher concentrations. Nonetheless, the difference between the weekday and 234 
weekend concentrations of all species were not found to be statistically significant (p>0.05) 235 
at any of the five schools. This would indicate that vehicle emissions were not a significant 236 
source at these schools as a difference in weekday and weekend concentrations of the 237 
species would be expected. However the limited number of weekends sampled at each 238 
school may have influenced the outcomes of the comparison.  239 
Figure 1 240 
3.3 Characterisation of the Organic Aerosols 241 
The largest particulate matter fraction at each school was the organic component and, as the 242 
majority of vehicle emissions are carbonaceous in nature (Kleeman et al., 2000), this fraction 243 
was analysed in detail to determine whether local primary emissions are a significant source 244 
of organic aerosol (OA) at each school. For each school, the average f43 and f44 for each 245 
sampling day was graphed on the triangle plot (Figure 2). This enabled the OA component at 246 
each school to be classified based upon its level of oxidation.  247 
3.3.1 Hydrocarbon-like Organic Aerosols 248 
 249 
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A group of four days from S01 which have f44 <0.05 appeared at the base of the triangle plot, 250 
(Figure 2) , and so readings on these days are likely to be dominated by HOA. This is 251 
confirmed by comparison of the average mass spectra for these days with the HOA 252 
references spectra (Ng et al., 2011b). These represent sampling days that have large sharp 253 
peaks of OA at around 7am and our hypothesis is that the use of fuel-powered gardening 254 
equipment at the school during the measurementsskewed the results. However, when these 255 
large peaks are removed the spectra still resemble HOA, but at lower concentrations. 256 
Therefore the peaks were deemed to be outliers and were removed for subsequent analysis. 257 
The O:C ratio for the S01 HOA samples was 0.17±0.03. This value is slightly higher than 258 
reported for urban combustion POA (Aiken et al., 2008) but in the range of 0.1 to 0.19 259 
observed for diesel exhaust (Chirico et al., 2010). 260 
Table 2 261 
3.3.2 Semi-Volatile Oxygenated Organic Aerosols 262 
 263 
There is a group of samples from S04 and S11 that fall outside of the triangular region in 264 
Figure 3, and are centred on f44 of 0.05. They are characterised by the alkyl fragment series, 265 
as per the HOA reference spectra, and also the m/z 43 and 44 ions with approximately equal 266 
concentrations (example given in Figure 2). These mass spectra most closely resemble the 267 
SV-OOA reference spectra in Ng et al  (2011b). Therefore this suggests that the OA has 268 
undergone some degree of oxidation. At S04 and S11 these samples had an average O:C 269 
ratio of 0.27±0.06 and 0.28±0.04, respectively which are in the range of 0.35±0.14 reported 270 
by Ng et al (2010) for SV-OOA. The prominence of the alkyl fragment series and the low f44 271 
that is around the characteristic level for HOA, suggests a primary precursor which could be 272 
considered as slightly aged POA. POA from diesel emissions that has been oxidised for 5 273 
hours were observed to have an O:C ratio that ranged from 0.21-0.37 (Chirico et al., 2010). 274 
The results for SV-OOA from S04 and S11 fall within this range, further suggesting that aged 275 
POA was the source of the SV-OOA at these schools. 276 
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Photochemical oxidation of diesel exhaust in an environmental chamber has been shown to 277 
resemble that of ambient OOA after a matter of hours (Robinson et al., 2007; Sage et al., 278 
2008). Thus Chirico et al (2010) observed that the total OA from diesel emissions were 279 
approximately 80% SOA after 5 hours of aging. The mass spectra for aged diesel exhaust 280 
from Sage et al (2008) are similar to the mass spectra obtained for these samples at S04 281 
and S11. As aging can occur over the course of hours, this would suggest that these POA 282 
have been in the atmosphere for a short time period. The dominant wind direction during 283 
sampling at S04 was from a major highway and was the likely source of these OA at this 284 
school.  285 
3.3.3 Low-Volatility Oxygenated Organic Aerosols 286 
 287 
The main group is made of sampling days from all schools and is within the SV-OOA and 288 
LV-OOA region of the triangle space. Three samples from S01 and S04 at the lower end of 289 
the group have mass spectra that resembled SV-OOA reference spectra while the rest 290 
resembled the LV-OOA reference spectra (Ng et al., 2011b). LV-OOA days from S01, S04, 291 
S11 and S12 occupy the overlap region between SV-OOA and LV-OOA (Ng et al., 2010), 292 
with mass spectra similar to LV-OOA. S25 samples are clustered at the top of the group and 293 
are in the LV-OOA region, indicating that they are the most aged. Although SOA were 294 
present at all of the schools, the ages and oxidation levels of OOA differ from school to 295 
school. The difference in the SV-OOA and the LV-OOA can be seen in the O:C ratio, where 296 
the LV-OOA averaged 0.52±0.05 across S01, S11 and S12. This figure is lower than the 297 
range of 0.73±0.14 reported by Ng et al (2010) for LV-OOA which would suggest that it was 298 
not fully oxidised OOA. Conversely at S25 the average O:C was 0.71±0.08, which is within 299 
the range for LV-OOA from Ng et al (2010) thus more oxidised and aged OA than the OOA 300 
observed at S01, S11 and S12, as seen in Figure 2.  As LV-OOA was found to be main type 301 
of OOA at the schools, the results would suggest that regional OA was the main source.   302 
3.3.4 Biomass Burning Organic Aerosols  303 
 304 
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The sampling days associated with LV-OOA in S11, S12 and S25 showed the m/z 60 ion, 305 
and so biomass burning was a component of the OA at these two schools (Cubison et al., 306 
2011). Table 3 presented the f60 values calculated for each school and all sampling days for 307 
S01 and S04 are below the urban background level of f60 established by Cubsion et al 308 
(2011). This, indicates that BBOA was not present. As a result, the POA at these schools 309 
can be attributed to vehicle emissions. On the other hand, the f60 for S11, S12 and S25 are 310 
above the urban background levels, hence BBOA was a component of the OA at these 311 
schools. Sampling at S11, S12 and S25 was carried out in the winter when prescribed 312 
burning in bushland around Brisbane is common, suggesting aged BBOA as a source of LV-313 
OOA at these schools.  314 
3.4 Diurnal cycle of Organic Aerosol 315 
 316 
The temporal variation of the OA was investigated at each school to determine children’s 317 
exposure to vehicle emissions during school hours. The diurnal cycle of the organic aerosol 318 
is presented as a box plot for each school (Figure 4A). In order to give additional insight into 319 
the source of the OA over the course of the day, the mean concentrations of the m/z 44, 57 320 
and 60 ions and PNC as a function of time of day are presented as well (Figure 4B). The m/z 321 
57 ion is a tracer for HOA and a bimodal cycle in the HOA would indicate that the vehicle 322 
emissions are the primary source of HOA. PNC is attributable to local emissions and, where 323 
the diurnal variation pattern of PNC is visually similar to that for m/z 57 ion, traffic is the 324 
probable source. The m/z 44 ion is a tracer for OOA and peaks in the middle of the day 325 
indicate that there was photochemical activity resulting in SOA formation (Sun et al., 2011), 326 
with the m/z 60 ion acting as a tracer for biomass burning.  327 
3.4.1 OA diurnal cycles at individual schools 328 
3.4.1.1 S01 diurnal cycle 329 
 330 
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The diurnal cycle of the total OA and the tracer ions varied between each school. Therefore, 331 
each school will be discussed individually followed by a discussion on trends observed at all 332 
the schools. In general, except for the large peak at 7-8am, the lowest average 333 
concentration of total OA was seen at S01 (Figure 4A). The m/z 57 ion concentration also 334 
had a large peak at this time (Figure 4B), indicating that this spike in OA was hydrocarbon 335 
based. During this time at S01, and at many other schools in the project, school staff was 336 
observed to have used fuel-powered gardening equipment. This strongly suggests that the 337 
fuel-powered gardening equipment being used in the school grounds was the main 338 
contributor to this peak. There was little other variation observed in total OA concentration 339 
apart from a slight peak at around 5-6pm, which was also seen in the concentration of the 340 
m/z 57 ion, suggesting traffic as the source of HOA at S01. The low concentrations of OA at 341 
S01 were likely due to the sea breezes, which would not carry much regional OOA. At S01, 342 
the PNC follows the same pattern as the m/z 57 ion (Figure 4B); however the afternoon peak 343 
was centred on 6pm and so suggests that it is due to peak hour traffic rather than school 344 
traffic.  345 
3.4.1.2 S04 diurnal cycle 346 
 347 
There was a large early morning peak from 5-8am and a smaller peak at around 5pm in the 348 
total OA concentration at S04 (Figure 4A). A similar diurnal trend was observed in Figure 4B 349 
in the m/z 57 ion concentration indicating that traffic emissions were the main contributor to 350 
the organic aerosol. The PNC and m/z 57 ion peaked together in the morning pointing to a 351 
local traffic source for the large morning peak. From Section 3.3.2 the OA at this school was 352 
found to resemble aged diesel emissions for most of the sampling period, which indicates 353 
that the source was not traffic on the roads directly surrounding the school but on roads 354 
further afield. The prevailing wind direction during sampling was easterly (Figure 1) from a 355 
major highway. It was likely that traffic on this highway was the source of the aged vehicle 356 
emissions. The traffic pattern at S04 was relatively constant during the day, whereas the 357 
traffic pattern on the nearby highway would be expected to be more bimodal.  358 
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3.4.1.3 S11 diurnal cycle 359 
 360 
In Figure 4A the total OA concentration at S11 had an early morning peak (6am-8am) 361 
followed by small peaks in the middle of the day and the evening, suggesting different 362 
sources of OA. The morning peak was also observed in the m/z 57 and 60 ion concentration 363 
(Figure 4B) indicating a contribution from biomass burning in the morning. However, the m/z 364 
44 ion peaked at midday, suggesting photochemical SOA formation occurred which resulted 365 
in the increase in the total OA. Unlike the m/z 57 ion, the m/z 44 and 60 ions were observed 366 
to peak in the evening and was also observed at S12 and discussed below. In Figure 4B the 367 
concentration of the m/z 57 ion peaked in the early morning and decreased throughout the 368 
day to a minimum at 2pm, which indicates local sources of HOA (Zhang et al., 2005b). This 369 
early morning m/z 57 ion peak coincided with peak traffic, and the decrease in concentration 370 
through the day may be due to increased vertical dispersion of pollutants as a result of 371 
higher surface temperature and turbulence, coupled with a general rise in the boundary 372 
layer. At S11, as at S04, the PNC and m/z 57 ion concentration peaked together in the 373 
morning further implying a local traffic source of HOA. This pattern was not seen in the 374 
afternoon peaks and we have no viable explanation for this observation. 375 
3.4.1.4 S12 and S25 diurnal cycle 376 
 377 
There were similarities in the OA diurnal cycle at S12 and S25, with the general trend being 378 
a minimum concentration in the total OA at midday followed by the peaking of the total OA 379 
concentration in the evening, at 8pm and midnight in S12 and S25 respectively (Figure 4A). 380 
At both schools, the m/z 44 ion concentration was higher than the concentration of the m/z 381 
57 ion throughout the day (Figure 4B) indicating that OOA was the dominant source of OA, 382 
particularly during school hours. In Figure 4B the trends in diurnal cycle for the m/z 44, 57 383 
and 60 ions followed the diurnal cycle of the total OA concentration (Figure 4A) at both 384 
schools, suggesting a similar source. There were some differences in the OA component 385 
diurnal cycles between the schools, with a peak in m/z 57 ion observed at 9am and 7am, for 386 
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S12 and S25 respectively. The m/z 57 ion peak at S25 corresponded with a large peak in 387 
PNC indicating that local emission, most likely school drop off traffic,  is the source of HOA.  388 
The m/z 60 ion concentration was higher at S12 and S25, and biomass burning was a 389 
component of the OA at these schools.  A similar total organic diurnal cycle was observed by 390 
Brown et al (2012), with the evening peak attributed to local biomass burning from residential 391 
heating. In Brisbane due to the relatively mild winters, the impact of residential heating is 392 
thought to be minimal. Therefore, controlled back burning that is practised during winter in 393 
Brisbane (Friend et al., 2011) is thought to be the main contributor. At S25, the main wind 394 
direction was northerly and the large bushfire during sampling did not directly affect the 395 
school (Figure 1). The build up of BBOA during the night could be due to the inversion layer. 396 
At S12, there was not as much controlled burning occurring during the sampling period, and 397 
residential wood burning could be contributing BBOA levels. When the concentration of 398 
wood burning particulate matter is higher on the weekend, it can indicate that the wood 399 
burning is more discretionary or decorative than for heating (Fuller et al., 2012). The 400 
weekend to weekday ratio of the levels of the m/z 60 ion at S12 was 2.5, which points to 401 
discretionary or decorative residential wood burning as source, in addition to that which was 402 
present from back burning. The OA was less aged at S12 compared to S25 (Figure 3), 403 
suggesting a more local source of BBOA.  404 
Figure 4 405 
3.4.2 Diurnal trends for all schools   406 
 407 
The PNC peaked in the middle of the day at S04, S11, S12 and S25 which shows that the 408 
production of secondary aerosols due to nucleation was prominent (Morawska et al, 2008). 409 
At S11 and S25, the middle of the day PNC peak was closely followed by a peak in the OOA 410 
tracer ion, m/z 44, as would be expected for SOA formation (Zhang et al., 2004). The AMS 411 
typical lower size cut off is for particles with a diameter of 40-50 nm and so would take some 412 
16 | P a g e  
 
time to detect the particles as they grow. This pattern was seen at S12 during the morning, 413 
where the peak in the m/z 44 ion followed the PNC peak closely. However at S04 and S12 414 
the midday PNC peaks were not followed by peaks in the m/z 44 ion concentration. This 415 
may be because the particle size was too small for the AMS to detect. The nucleation events 416 
at these schools will be investigated further in future papers.   417 
At all schools, the minimum concentrations of total OA, and in particular HOA tracer ion m/z 418 
57, were found during school hours (9.00 am till 3.00 pm). The OOA was the main OA 419 
component that children at school were exposed to as the m/z 44 ion had the highest 420 
concentration during school hours. The low m/z 57 ion concentrations show that children’s 421 
exposure to HOA at the schools was limited because the peaks in concentrations were 422 
generally outside of school hours. Only at S04 were school children exposed to vehicle 423 
emissions for the whole school day, albeit at the lowest concentration during the day. 424 
Contributing factors to the increased exposure to HOA at S04 are higher traffic counts (Table 425 
1) and close proximity to a major highway. 426 
3.4.3 Influence of school traffic on HOA concentrations 427 
 428 
The peaks of the HOA tracer ion concentration at each school overlapped with the school 429 
drop off times, around 8 – 9am. This represents the time of maximum exposure to OA from 430 
vehicle emissions for children at school. A similar trend in the variation of particle number 431 
concentration was previously observed in urban schools during school drop off and pick up 432 
times and was associated with car and bus counts (Hochstetler et al., 2011). Therefore, the 433 
traffic associated with school drop off is contributing to the concentration of HOA and 434 
children’s exposure in addition to the morning peak traffic. At S04 and S25 a peak in the 435 
HOA tracer ion concentration was observed at pick up time (2-4pm), further highlighting the 436 
influence of school traffic to children’s exposure of HOA.  437 
The weekday and weekend m/z 57 ion cycles were further investigated to compare the 438 
influence of school drop off and pick up traffic. As mentioned in section 3.2, only 1 or 2 439 
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weekends were sampled at the schools and so these comparisons are done with caution. 440 
The comparisons for S04 and S25 are shown in Figure 5, with the plots for the other three 441 
schools given in the supporting information (Figures S04-4). At S04 the weekend and 442 
weekday m/z 57 cycles are similar, thus showing the morning and afternoon peaks in HOA 443 
concentration are not related to school traffic.  At S01 the large peak at 7-8am was not 444 
present during the weekends and so must be related to activities within the school, as 445 
mentioned in section 3.4.1. At S11, S12 and S25 the presence of HOA during weekdays is 446 
likely caused by drop off traffic as there was a peak of m/z 57 ion concentration at the school 447 
drop off times that was not seen on the weekends. At S12, there was a large background of 448 
OA which may be masking school traffic influence. S11, S12 and S25 had 4, 2 and 3 times 449 
the drop off traffic of both S01 and S04 and this may be the reason why it was more 450 
pronounced at these schools. The afternoon drop off times at S04 displayed a m/z 57 ion 451 
peak in both weekend and weekdays and consequently school traffic was not the cause.  452 
Figure 5 453 
4.0 Conclusions 454 
Children’s exposure to vehicle emissions was characterised using a TOF-AMS in five urban 455 
schools in Brisbane, Australia. At each of the schools the organic fraction was the largest 456 
component of the NR-PM1. The oxidation level of the OA varied from school to school and 457 
also within the sampling period at the schools, with secondary OA being the major 458 
component. Secondary OA was observed at the schools which ranged in oxidation level 459 
from the less aged SV-OOA to the more aged OA that resembled LV-OOA. At two of the 460 
schools, S04 and S11, there were OA from nearby highways that were similar to slightly 461 
aged vehicle emissions. The more aged OA was observed at three schools, S11, S12 and 462 
S25 and at these schools BBOA contributed to the high load of OA. Only one school, S01, 463 
had sampling days that were dominated by primary emissions of OA, which may be due to 464 
the influence of fuel powered equipment being operated near the TOF-AMS in the school. 465 
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The minimum concentration of OA was observed during school hours and based upon the 466 
tracer m/z 44 ion, the major organic component that school children were exposed to was 467 
OOA. The tracer m/z 57 ion for HOA showed a distinct diurnal pattern at the schools, with a 468 
large peak in the morning that decreased to minimum concentration in the afternoon. School 469 
drop off and pick up times represented the times of maximum exposure to HOA for school 470 
children at the schools in this study. The variation in the levels of vehicle emissions during 471 
the school day highlight times where future control strategies may be focused in order to limit 472 
children’s exposure. The results from this study indicates that in general for urban 473 
environments, unless schools are located near (<500m) major highways, during school 474 
hours the children are exposed predominantly to regional secondary OA as opposed to local 475 
emissions.  476 
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Figure 2: Average concentrations of the chemical species at each school.  592 
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Figure 3: Plot of the f44 vs f43 for each sampling day. The triangle from Ng et al (2010) is included as a 595 
visual aid. The inset mass spectrum is an example of the samples that fall outside the triangle space 596 
from S04 and S11. 597 
   598 
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Figure 4: The diurnal variation in the organic fraction at each school. Column A is a box plot of the 604 
diurnal variation of the total organic concentration. Column B is the diurnal variation in the 605 
A  B
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corresponding school in the mean concentration of the m/z 44, 57 and 60 ions and particle number 606 
(PNC).  607 
   608 
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Table 1: Daily average traffic and weather characteristics at each school. The traffic 609 
composition presented is for weekdays. Prevailing wind direction is taken from the rose plots 610 
for the entire sampling period and is given in Figure 1. The temperatures, relative humidity 611 
(RH) are 24 hour averages.  612 
 Sampling Traffic counts  
(veh hr-1) 
Traffic composition 
(%) 
Weather 
 
Duration Weekday Weekend Light Medium Heavy
Temp.
(°C) 
RH 
(%) 
Wind 
speed  
(km h-1) 
Prevailing 
wind 
direction 
S01 2 weeks 158 138 95.6 3.8 0.6 23 65 17 East 
S04 3 weeks 806 653 87 7.9 2.2 23 71 13 East 
S11 2 weeks 444 378 95.2 2.4 0.9 16 78 10 South 
S12 2 weeks 176 127 97.3 2.5 0.2 15 75 12 Southwest 
S25   2 weeks 326 190 91.8 6.5 1.3 16 58 14 North 
 613 
   614 
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Table 2: Average values for selected tracer ratios for the sampling days classified by OA 615 
type for each school. Note only one value for the LV-OOA data at S04. Uncertainties are 1 616 
standard deviation. 617 
 S01 SV-
OOA 
S01 LV-
OOA 
S01 
HOA 
S04 LV-
OOA 
S04 SV-
OOA 
S11 LV-
OOA 
S11 SV-
OOA 
S12 LV-
OOA 
S25 LV-
OOA 
O:C 0.39       
±0.02 
0.54 
±0.06 
0.17 
±0.03 
0.43 0.27 
±0.06 
0.52 
±0.04 
0.28 
±0.04 
0.48 
±0.05 
0.71 
±0.08 
f43 0.076      
±0.001 
0.076    
±0.005 
0.084 
±0.008 
0.061 0.053 
±0.006 
0.061 
±0.003 
0.047 
±0.007 
0.06 
±0.003 
0.064 
±0.006 
f44 0.081      
±0.006 
0.121     
±0.016 
0.023 
±0.008 
0.092 0.049 
±0.014 
0.12 
±0.01 
0.051 
±0.011 
0.11 
±0.012 
0.17 
±0.021 
f60 0.0027     
±0.0008 
0.0028 
±0.0007 
0.0013 
±0.0007 
0.0024 0.0023 
±0.0004 
0.0056 
±0.001 
0.0046 
±0.002 
0.0094 
±0.003 
0.011 
±0.003 
 618 
 619 
   620 
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Supporting Material for 621 
Aerosol Mass Spectrometric analysis of the chemical composition of non- refractory 622 
PM1 samples from school environments in Brisbane, Australia 623 
Leigh R. Crilley, Godwin A. Ayoko, E. Rohan Jayaratne, Farhad Salimi and Lidia Morawska.  624 
This supporting information contains 2 tables and 4 figures.  625 
 626 
  
Organics Nitrates Sulphates Ammonium Chlorides 
S01 
Mean 0.68 0.10 0.47 0.15 0.03 
Median 0.31 0.09 0.46 0.14 0.03 
Max. 205.60 0.34 1.33 0.71 0.79 
Min. 0.00 0.02 0.00 0.00 0.00 
Std Dev. 4.66 0.05 0.17 0.13 0.04 
S04 
Mean 0.77 0.08 0.38 0.18 0.04 
Median 0.54 0.07 0.25 0.14 0.03 
Max. 57.85 0.71 5.90 1.61 0.89 
Min. 0.08 0.02 0.00 0.00 0.00 
Std Dev. 1.20 0.06 0.38 0.13 0.03 
S11 
Mean 0.87 0.15 0.18 0.15 0.05 
Median 0.73 0.09 0.13 0.13 0.03 
Max. 5.00 0.78 1.18 0.78 1.15 
Min. 0.02 0.03 0.00 0.00 0.02 
Std Dev. 0.67 0.12 0.14 0.10 0.06 
S12 
Mean 3.57 0.42 0.59 0.31 0.10 
Median 2.13 0.26 0.46 0.24 0.06 
Max. 37.89 2.11 2.66 1.39 1.34 
Min. 0.09 0.04 0.00 0.00 0.02 
Std Dev. 3.60 0.38 0.46 0.25 0.12 
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S25 
Mean 2.86 0.29 0.38 0.35 0.03 
Median 2.33 0.19 0.36 0.30 0.01 
Max. 17.54 2.41 1.35 1.61 1.47 
Min. 0.00 0.04 0.03 0.05 0.00 
Std Dev. 2.42 0.28 0.25 0.23 0.06 
Table S1: Summary statistics of the concentration of the chemical species measured by the 627 
AMS at each school.  628 
 629 
 630 
 631 
 632 
School Organics Nitrates Sulphates Ammonium Chloride
S04 31 6 7 96 6 
S11 59 6 5 36 11 
S12 36 3 4 53 6 
S25 48 4 4 26 9 
Table S2: Detection limits for the chemical species at each school in ng m-3 633 
  634 
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Figure S1: Average concentrations of the chemical species at each school for the weekday 637 
(WD) and weekend (WE).   638 
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 639 
Figure S2: Comparison in the diurnal variation in the concentration of the HOA tracer ion, 640 
m/z 57 for all sampling days (57), weekdays (57 WD) and weekends (57 WE) at S01.  641 
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 642 
Figure S3: Comparison in the diurnal variation in the concentration of the HOA tracer ion, 643 
m/z 57 for all sampling days (57), weekdays (57 WD) and weekends (57 WE) at S11. 644 
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 645 
Figure S4: Comparison in the diurnal variation in the concentration of the HOA tracer ion, 646 
m/z 57 for all sampling days (57), weekdays (57 WD) and weekends (57 WE) at S12. 647 
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Figure 5: Comparison in the diurnal variation in the concentration of the m/z 57 ion for all sampling 650 
days (57), weekdays (57 WD) and weekends (57 WE) at S04 (B) and S25 (A). 651 
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